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Background: The 22Ne(α, n)25Mg reaction is one of the neutron sources for the s-process in massive stars.
The properties of levels in 26Mg above the α-particle threshold control the strengths of the 22Ne(α, n)25Mg and
22Ne(α, γ)26Mg reactions. The strengths of these reactions as functions of temperature are one of the major
uncertainties in the s-process.
Purpose: Information on the existence, spin and parity of levels in 26Mg can assist in constraining the strengths
of the 22Ne(α, γ)26Mg and 22Ne(α, n)25Mg reactions, and therefore in constraining s-process abundances.
Methods: Inelastically scattered α particles from a 26Mg target were momentum-analysed in the K600 magnetic
spectrometer at iThemba LABS, South Africa. The differential cross sections of states were deduced from the
focal-plane trajectory of the scattered α particles. Based on the differential cross sections, spin and parity
assignments to states are made.
Results: A newly assigned 0+ state was observed in addition to a number of other states, some of which can
be associated with states observed in other experiments. Some of the deduced Jpi values of the states observed
in the present study show discrepancies with those assigned in a similar experiment performed at RCNP Osaka.
The reassignments and additions of the various states can strongly affect the reaction rate at low temperatures.
Conclusion: The number, location and assignment of levels in 26Mg which may contribute to the 22Ne+α
reactions are not clear. Future experimental investigations of 26Mg must have an extremely good energy resolution
in order to separate the contributions from different levels. Coincidence investigations of 26Mg provide a possible
route for future investigations.
I. ASTROPHYSICAL BACKGROUND
The slow neutron-capture process (s-process) is re-
sponsible for the synthesis of about half of the over-
all inventory of elements heavier than iron [1]. Two
nuclear reactions contribute most of the neutrons to
the s-process: 13C(α, n)16O and 22Ne(α, n)25Mg. The
22Ne(α, n)25Mg reaction contributes to the main compo-
nent of the s-process during thermal pulses in low- and
intermediate-mass asymptotic giant branch (AGB) stars
[2], and contributes to the weak branch of the s-process
in massive stars during helium burning [3] and carbon-
shell burning [4]. The efficacy of the 22Ne(α, n)25Mg re-
action as a neutron source depends on the strengths of
the 22Ne(α, n)25Mg and 22Ne(α, γ)26Mg reactions. The
22Ne(α, n)25Mg reaction is slightly endothermic (Q =
−478.29 keV) and thus does not operate until higher tem-
peratures (approximately 0.3 GK) are reached. Mean-
while, the 22Ne(α, γ)26Mg reaction (Q = 10.615 MeV)
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can continually operate, depleting the available inven-
tory of 22Ne and thereby reducing the total neutron ex-
posure. In order to constrain the production of s-process
nuclides, it is important to know the 22Ne(α, n)25Mg and
22Ne(α, γ)26Mg reaction rates over a range of tempera-
tures.
Owing to the astrophysical importance of the
22Ne(α, n)25Mg reaction, it has been the focus of a con-
siderable number of studies [5–13]. Direct measurements
of the 22Ne(α, n)25Mg reaction have been carried out
down to Er = 832 keV (Ex = 11.319 MeV) [6]. For
resonances lower than this, various indirect methods -
briefly summarised below - have been used to try to con-
strain the 22Ne(α, γ)26Mg and 22Ne(α, n)25Mg reaction
rates.
Longland et al. [7] used the inelastic scattering of po-
larised γ rays - denoted as 26Mg(γ, γ′)26Mg - to assign
Jpis to levels in 26Mg. This technique is extremely power-
ful as it allows for clear and incontrovertible discrimina-
tion between 1− and 1+ states. This reaction is, however,
unable to populate 0+ states due to the γ-ray angular
momentum selection rules.
Talwar et al. [11] used the 26Mg(α, α′)26Mg reaction
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2to populate states in 26Mg. This reaction preferentially
populates low-spin, natural-parity states with the same
isospin (T = 1) as the ground state of 26Mg - the states
which will contribute to the 22Ne+α reactions. The
high level density can make it difficult to identify states
clearly, however. The shapes of the differential cross sec-
tions from these reactions allow for assignment of spin
and parity to be made.
Talwar et al. [11] and others [5, 9, 14] have used the
α-particle transfer reaction 22Ne(6Li, d)26Mg to attempt
to determine spins, parities and α-particle partial widths
of states in 26Mg. While this reaction may be used to
estimate the α-particle partial width, the contribution of
other reaction mechanisms such as incomplete fusion and
multi-step reactions can make the extraction of the α-
particle partial width subject to considerable theoretical
uncertainties unless the asymptotic normalisation coeffi-
cient can be extracted [15].
The 25Mg(n, γ)26Mg reaction has been studied us-
ing the n-TOF facility at CERN [10] and the Oak
Ridge Electron Linear Accelerator [12]. In these exper-
iments, several resonances above the neutron threshold
were identified. A number of properties of these res-
onances (resonance strengths, spins and parities) were
measured or constrained, improving the estimate of the
22Ne(α, n)25Mg reaction. As the states populated in
this reaction are above the neutron threshold, few con-
straints can be easily provided for the contribution to the
22Ne(α, γ)26Mg reaction from states below the neutron
threshold.
In addition to these studies, which have focussed on
the astrophysical states of interest, a measurement of the
26Mg(p, p′)26Mg reaction using a 20-MeV proton beam
and a Q3D magnetic spectrometer has been performed
[16]. The number and energies of states in 26Mg were
measured up to Ex = 11.171 MeV, but no information
on spins and parities of the states was obtained.
In this paper, we report on a measurement of the
26Mg(α, α′)26Mg reaction using the K600 magnetic spec-
trometer at iThemba LABS, South Africa. This mea-
surement was taken as part of an on-going series of stud-
ies [17] searching for monopole and dipole states as sig-
natures of clustering in light nuclei (see e.g. [18, 19]).
The experiment is similar to the measurement of Talwar
et al. [11], although some differences in the interpreta-
tion of the two experiments have been found. As such,
we have attempted to evaluate the results of the present
experiment, highlighting the discrepancies between this
experiment and Ref. [11], as well as other experimen-
tal studies, to try to provide a consistent description of
the states which contribute to the 22Ne(α, n)25Mg and
22Ne(α, γ)26Mg reactions.
II. EXPERIMENTAL METHOD
The experimental method is identical to that described
in Ref. [17]. A 200-MeV dispersion-matched α-particle
beam was scattered off an enriched 26Mg target. Scat-
tered particles were momentum-analysed in the K600
Q2D magnetic spectrometer [20]. A plastic scintillator at
the focal plane was used to trigger the data acquisition
and to measure the energy deposited by the particle hit-
ting the focal plane. The time between the focal-plane hit
and the accelerator RF pulse was recorded, giving a mea-
sure of the time-of-flight of the scattered particle through
the spectrometer. Particle identification was carried out
using the energy deposited at the focal plane and the
time-of-flight through the spectrometer. Particle posi-
tions and trajectories at the focal plane were measured
using two vertical drift chambers.
The data were acquired in two experiments. The first
experiment was in the 0-degree mode of the K600 [20]
using a 99.94% isotopically enriched 26Mg target of areal
density 1.33 mg/cm2. In this mode, the unreacted beam
passed through the spectrometer before being stopped
on a Faraday cup located within the wall of the vault.
An unavoidable background was observed resulting from
particles which had scattered off the target and the inside
of the spectrometer. In order to quantify and subtract
this background, the spectrometer was operated in focus
mode in which the reaction products were vertically fo-
cussed by the spectrometer quadrupole onto a vertically
narrow band on the focal plane. Using a well-established
method [20], the off-focus regions of the focal plane was
used to construct background spectra which were sub-
tracted from the in-focus region to produce background-
subtracted spectra. However, because the reaction prod-
ucts were focussed vertically, any information on the ver-
tical scattering angle was lost. This limits the data to a
cross section for the full acceptance of θlab < 2°.
The second experiment was performed in the small-
angle mode of the K600 in which the spectrometer aper-
ture was placed at θlab = 4°, covering θlab = 2°−6°. In
this experiment, the target had 99.94% enrichment, and
an areal density of 0.6 mg/cm2. In the small-angle mode,
the unreacted beam was stopped on a Faraday cup ad-
jacent to the spectrometer aperture just before the spec-
trometer quadrupole. In this mode, because the target-
induced background was much lower, the spectrometer
was operated in under-focus mode, maintaining the link
between the vertical focal-plane position and the vertical
scattering angle. The scattering angle of the scattered
particle was reconstructed from the vertical focal-plane
position and the horizontal trajectory. The dependence
of the scattering angles on the focal-plane position and
trajectory was calibrated using a multi-hole collimator
[20].
The focal plane was calibrated using well-known states
in 24Mg. A linear offset was introduced into the focal-
plane excitation energy to account for the differing target
thickness as the energy loss for targets scattered from the
front and back of the target are almost identical. The
calibrations are validated by confirming that well-known
states in 26Mg (the 1− states at 10.495 and 10.575 MeV
which have been observed in 26Mg(γ, γ′)26Mg reactions
3[7]) appear at the known excitation energy. The differ-
ence between the weighted means of these level energies
and the known energies of these levels was 5 keV and this
was taken as the systematic uncertainty. This was com-
bined with the statistical uncertainty in the peak-fitting
to give a total uncertainty.
Excitation-energy spectra were fitted with a number of
Gaussian peaks in order to identify states and extract dif-
ferential cross sections (Figure 1). The Gaussians have
a common width representing the experimental resolu-
tion of 64 keV FWHM for the 0-degree data and 53 keV
FWHM for the small-angle data. The 0-degree spectrum
had a background subtraction performed and was thus
fitted using the χ2 method. The other spectra were fit-
ted using the log-likelihood method. Owing to the high
level density relative to the experimental resolution, it
was necessary to fix states with known excitation energy
e.g. the states observed in Ref. [7]. Other states, which
are cleanly observed at some angles and not others, were
also fixed based on the fits for those angle bites, see Table
II for details. The region of the fit was limited to just
below the α-particle threshold (Ex = 10.615 MeV) up to
Ex = 11.6 MeV which covers the Gamow window for the
22Ne+α reactions (Ex = 10.85−11.5 MeV) at astrophys-
ically relevant temperatures [13]. The reason that the
analysis included the region below the α-particle thresh-
old was to make use of the previously identified 10.577-
MeV 1− state observed in 26Mg(γ, γ′)26Mg [7], which was
used for comparison with other potential 1− states.
In order to verify that the 26Mg data were free from
contamination from other magnesium isotopes, data were
also taken covering a lower excitation-energy region, in-
cluding the ground state, during the small angle exper-
iment. The first 2+ state from 24Mg (at Ex = 1369
keV) is not observed in these data which leads us to
conclude that none of the states observed in the present
experiment are likely to result from 24Mg. The equiv-
alent spectra for 24Mg and 26Mg are shown in Figure
2. The other major target contaminants (12C and 16O)
are not observed strongly in these data. In addition,
previous experimental studies of the 12C(α, α′)12C and
16O(α, α′)16O reactions have shown that there is only one
narrow state in the excitation-energy region discussed in
this paper, a Jpi = 2+ state in 16O at 11.52 MeV [21].
Small amounts of water are present in the target and are
responsible, through the p(α, α)p reaction, for the broad
structure at lower excitation energies. Based on these
considerations we conclude that the states observed in
the present experiment all originate from 26Mg.
The differential cross sections (Figure 3) were used to
make assignments of the `-value of the reaction. As the
focus of the original experiment was on monopole and
dipole states, only the 0°-6° laboratory scattering angle
region was covered, and thus only ` = 0 or ` = 1 assign-
ments can be made. It is helpful to set out qualitatively
the shapes of the differential cross sections in this experi-
ment. The signature of the differential cross sections can
then be followed in the experimental excitation energy
TABLE I. The optical model potential parameters used for
the DWBA calculations. V and W are the real and imaginary
potential depths respectively. r0R (r0I) is the reduced radius
for the real (imaginary) part of the potential and aR (aI) is
the diffusivity. The reduced Coulomb radius is given by r0c.
Parameter Value
V 76.01 MeV
r0R 1.245 fm
aR 0.79 fm
W 22.97 MeV
r0I 1.57 fm
aI 0.63 fm
r0c 1.3 fm
spectra (Figure 1) at different angles in addition to the
differential cross sections generated by fitting the spec-
tra. For ` = 0 transitions, the differential cross section
shows a strong peak at a scattering angle of θlab = 0°
and a minimum around θlab = 4°. For ` = 1 transitions,
the signature of the differential cross section is less ob-
vious - the differential cross section has a peak between
θlab = 3°and 4° and drops off strongly towards θlab = 6°,
the edge of the aperture for the small-angle measurement.
These behaviours are well understood and have been ob-
served previously in a similar experiment using 24Mg and
28Si [17].
The differential cross sections were compared to
Distorted-Wave Born Approximation (DWBA) calcula-
tions. The optical-model potential used for the DWBA
calculations is that of Nolte, Machner and Bojowald [22].
The optical-model parameters for the Woods-Saxon po-
tential are given in Table I. To ensure that the DWBA
calculations can be directly compared to the data (i.e.
that the calculated quantity resulting from the DWBA
calculations is the same as the experimental observable),
the DWBA differential cross sections were integrated over
the pertinent angular regimes, and the effective differen-
tial cross section for that angular regime was computed.
The DWBA differential cross sections were only com-
puted for ` = 0 and ` = 1 transitions as these were
the only angular momentum values which may be firmly
assigned in the present experiment.
III. DISCUSSION
Based on the differential cross sections measured in
the present experiment combined with other experimen-
tal data [7, 11], we assign spins and parities to states
as summarised in Table II. The rationales and further
details for the assignments of certain states are set out
below.
10.50 MeV: This state is Jpi = 1−. It shows clear simi-
larities with the known 1− state at 10.573 MeV observed
in 26Mg(γ, γ′)26Mg measurements [7]. This assignment
is in agreement with that of Ref. [11].
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FIG. 1. Excitation-energy spectra for the 26Mg(α, α′)26Mg reaction for the θlab <2° angle bite (top), 2°< θlab <3° (second),
3°< θlab <4°(middle), 4°< θlab <5° (fourth) and 5°< θlab <6°(bottom). The solid vertical lines are states with fixed energies,
the dashed vertical lines are states without fixed energies and the dotted lines show the positions of the α-particle and neutron
thresholds. The solid red line is the total fit and the dashed red lines are the contributions from individual peaks.
10.57 MeV: This state is the known 1− state observed
in 26Mg(γ, γ′)26Mg measurements [7]. It shows a clear
` = 1 differential cross section in good agreement with the
DWBA calculations and previously observed Jpi = 1−
states in 28Si [17].
10.72 MeV: We favour an assignment of J > 1. The
possible values for this state are 1− and 2+ [11]. Exclud-
ing Jpi = 1− results in an assignment of Jpi = 2+. This
state does not appear in the calculation of the reaction
rates by Longland, Iliadis and Karakas [13].
10.806 MeV: This is the Jpi = 1− state observed by
Longland et al. [7], and is not well resolved from the
reassigned 10.824-MeV Jpi = 0+ state; this is likely the
reason for the high cross section observed at θlab < 2
◦.
This results in a differential cross section which does not
show a clear ` = 1 pattern. The Jpi = 1− assignment
given by Longland et al. is, however, conclusive.
10.824 MeV: This state shows a clear ` = 0 distribu-
tion and must have Jpi = 0+, and may be associated with
the one observed by Goss at Ex = 10.824(3) MeV [16].
While the rationale given in Ref. [11] as to why the state
observed in that experiment at Ex = 10.822 MeV can-
not be the Jpi = 1+ state observed at Ex = 10.81 MeV
in 26Mg(p, p′)26Mg experiments - that unnatural-parity
states are not strongly populated in inelastic α-particle
scattering - is correct, based on the differential cross sec-
tion this state cannot be the Jpi = 1− state observed
in 26Mg(γ, γ′)26Mg measurements [7]. This leads to the
conclusion that there is a third state at this energy with
Jpi = 0+. In conclusion: there are three states at approx-
imately this energy: a Jpi = 1+ state at 10.81 MeV [23],
the 10.806-MeV Jpi = 1− state [16] and a 10.824-MeV
Jpi = 0+ state observed in 26Mg(α, α′)26Mg (present ex-
periment). We note that the differential cross section
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FIG. 2. Excitation-energy spectra taken with the field setting that includes the elastic peak with the spectrometer aperture
centred on θ = 6°. The top spectrum is 26Mg data and the bottom spectrum is 24Mg data. The broad background up to around
9 MeV is due to p(α, α′)p reactions off water in the target.
shown in Ref. [11] is not inconsistent with a Jpi = 0+
assignment.
With the reassignment of a different state at this en-
ergy, it is not clear if the previously accepted association
(e.g. [13]) between the Jpi = 1− 10.806-MeV state ob-
served in 26Mg(γ, γ′)26Mg [7] and the 10.808(20)-MeV
state observed in 22Ne(6Li, d)26Mg [9] still holds.
In addition, we note that an additional Jpi = 2+
state has been identified at Ex = 10.838(24) MeV in
26Mg(e, e′)26Mg reactions, and that Moss made a con-
nection between this state and the 10.824-MeV state ob-
served in that experiment. Based on the present reassign-
ments, we do not observe a Jpi = 2+ state as observed
in Ref. [24] meaning that another unobserved state may
exist at around this excitation energy.
10.89 MeV: This state is not reported in Ref. [11] and
there is no obvious correspondence between this state
and any of those listed in Ref. [13]. However, the state
is clearly observed in the present experiment, especially
in the 4°< θlab < 5° and 5°< θlab < 6° angle bites. The
higher cross section observed at θlab < 2° is due to the
strength of the unresolved Jpi = 0+ state at 10.824 MeV.
This state is tentatively given an assignment of J > 1 be-
cause the largest cross section is observed in 4°< θlab < 5°
and 5°< θlab < 6° angle bites. This state may correspond
to the 10.881- or 10.893-MeV states observed by Moss
[16].
10.949 MeV: Based on the differential cross section
observed, we concur with the Jpi = 1− assignment of
Ref. [11]. This state is the 10.949 MeV Jpi = 1− state
listed in Ref. [13] which was observed in 26Mg(γ, γ′)26Mg
[7] and 26Mg(p, p′)26Mg [16].
11.085 MeV: This state is observed in Ref. [11] and
in the present experiment. The differential cross section
is indicative of a spin of J > 1. Owing to the limited
angular range studied in the present experiment, we are
unable to improve upon the assignment of Jpi = 2+ or
3− given in Ref. [11].
11.17 MeV: This state is observed in both Ref. [11]
and the present experiment. The differential cross sec-
tion does not support an assignment of Jpi = 1−. Ref.
[11] limited the potential Jpi to 1− or 2+. A tentative
assignment of Jpi = 2+ is reasonable, in the absence of a
definitive differential cross section. As such, it is reason-
able to associate this state with the 11.163-MeV, Jpi = 2+
state seen in 25Mg(n, γ)26Mg reactions [10].
11.29 MeV: This state is observed in Ref. [11]. The
differential cross section does not show any clear ` = 0
60 1 2 3 4 5 6 7
0.2
0.4
0.6
0.8
1
1.2
L=1
10.50 MeV
0 1 2 3 4 5 6 70
0.1
0.2
0.3
0.4
0.5
L=1
10.57 MeV
0 1 2 3 4 5 6 70
0.5
1
1.5
2
10.72 MeV
0 1 2 3 4 5 6 70
0.5
1
1.5
2
L=1
10.806 MeV
0 1 2 3 4 5 6 70
1
2
3
4
5
L=0
10.824 MeV
0 1 2 3 4 5 6 70
0.1
0.2
0.3
0.4
0.5
0.6
10.89 MeV
0 1 2 3 4 5 6 70
0.1
0.2
0.3
0.4
0.5
0.6
L=1
10.949 MeV
0 1 2 3 4 5 6 70
0.1
0.2
0.3 11.09 MeV
0 1 2 3 4 5 6 70
0.1
0.2
0.3
0.4
0.5
0.6
11.17 MeV
0 1 2 3 4 5 6 70
0.02
0.04
0.06
0.08
0.1
0.12
11.29 MeV
0 1 2 3 4 5 6 70
0.1
0.2
0.3
0.4
0.5 11.34 MeV
0 1 2 3 4 5 6 70
0.05
0.1
0.15
L=1
11.44 MeV
0 1 2 3 4 5 6 70
0.2
0.4
0.6
0.8
1
1.2
1.4
L=1
11.50 MeV
0 1 2 3 4 5 6 70
0.1
0.2
0.3
0.4
L=1
11.55 MeV
 (deg)c.m.θ
 
(m
b/s
r)
Ωdσd
FIG. 3. Experimental differential cross sections for various states in 26Mg. The states are labelled on the corresponding figure.
The red solid lines are the angle-averaged DWBA differential cross sections for that particular state, normalised to the 0-degree
datum for ` = 0 transitions, and to the θc.m. = 3 − 4 degree datum for ` = 1 transitions. For more detailed discussions of the
differential cross sections, consult the text.
or ` = 1 shape leading to a conclusion that this state has
J > 1. A number of states at this approximate excitation
energy have been observed in 25Mg(n, γ)26Mg reactions.
It is unclear which of these states corresponds to the state
observed in the present experiment.
11.34 MeV: This state may correspond to the 11.335-
MeV state observed in Refs. [10, 12] at En = 253 keV.
This resonance is tentatively assigned Jpi = 1− in those
studies. On the basis of the present experiment, in which
the differential cross section does not have an ` = 1 shape,
an assignment of J > 1 is given.
11.44 MeV: This state is not well resolved from the
1− state at 11.50 MeV. The potential assignments made
in Ref. [11] are Jpi = 1− or 3−. The differential cross
section is not conclusive. This state may be the 11.441-
MeV state observed in 22Ne(α, n)25Mg reactions [6].
11.50 MeV: The state observed at 11.50 MeV was also
observed in Ref. [11]. This state is probably the 11.506-
MeV resonance observed in 22Ne(α, n)25Mg [6] and the
11.50-MeV (En = 423.43 keV) resonance observed in
25Mg(n, γ)26Mg [10]. From the differential cross section,
this state must have Jpi = 1−. There is a known state in
16O at 11.52 MeV with Jpi = 2+ [21] but both from the
differential cross section in the present data, and from
the discussion of possible target contaminants above, it
is clear that the state observed in this experiment is dis-
tinct from the 16O state.
11.55 MeV: This state is not well resolved from the
11.50-MeV Jpi = 1− state. There is no obvious corre-
sponding known state for this state. There is, however, a
resonance reported in the literature at 11.526 MeV which
has Jpi = 1− [13]. It is possible that these states are, in
fact, the same state and that the shift is an artefact of
the inability to resolve the 11.50- and 11.55-MeV states.
For the purposes of calculating the rate below we use the
data derived from direct measurements where available
[6] and so this state is omitted.
IV. IMPLICATIONS FOR THE
ASTROPHYSICAL 22NE(α, γ)26MG REACTION
RATE
The 22Ne(α, n)25Mg reaction can contribute as a neu-
tron source both in the advanced thermal pulses in AGB
stars and also in the weak s-process in core-helium burn-
ing in massive stars. In the case of core-helium burning,
the contribution of the 22Ne(α, n)25Mg is negligible until
7TABLE II. Energy levels and Jpi assignments from various sources for 26Mg levels. The adopted values for the excitation energy
and the Jpi are given in the final two columns.
Ex [MeV]
a Jpi a Ex [MeV]
b Jpi b Ex [MeV]
c Jpi c Ex [MeV]
d Jpi d Ex [MeV]
e Jpi e Ex [MeV]
f Jpi f
10.50(2) 1− 10.495(9) 1− 10.495(9) 1−
10.57(1) 1− 10.575(10) 1−, 2+ 10.5733(8) 1− 10.5733(8) 1−
10.72(1) 10.717(9) 1−, 2+ 10.717(9) 2+
10.806(10)g 10.8057(7) 1− 10.8057(7) 1−
10.824(10)gj 0+ 10.822(10) 1− 10.824(3)h 0+
10.89(1)gi > 1 10.89(1) > 1
10.949(10)g 1− 10.951(21) 1−, 2+ 10.9491(8) 1− 10.9491(8) 1−
11.085(10)g 11.085(8) 2+, 3− 11.085(8) 2+, 3−
11.17(1) 11.167(8) 1−, 2+ 11.167(8) (2+)
11.29(3) > 1 11.301(9) 11.301(9) > 1
11.34(2) > 1 11.3347(4) (1−) 11.3347(4) > 1
11.44(1)g 11.445(9) 1−, 3− 11.441(2) 11.441(2) 1−, 3−
11.50(1) 1− 11.506(11) 0+, 1− 11.5001(4) (1−) 11.506(2) 11.5001(4) 1−
11.55(3)gjj (1−) (11.526) (1−)
a Present experiment
b Ref. [11]: 26Mg(α, α′)26Mg
c Ref. [7]: 26Mg(γ, γ′)26Mg.
d Ref. [10]: 25Mg(n, γ)26Mg.
e Ref. [6]: 22Ne(α, n)25Mg.
f Adopted in the present work.
g Fixed peak position - uncertainty is assumed to be 10 keV.
h Ex value taken from Ref. [16].
i New state
j State with changed assignment
the end of helium burning when the temperature exceeds
0.25 GK. Before this point, 22Ne may be depleted by the
22Ne(α, γ)26Mg reaction which reduces the final neutron
exposure achieved during the final stages of core-helium
burning. Thus, the behaviour of the 22Ne(α, γ)26Mg re-
action at lower temperatures (T9 < 0.3 GK) can influence
the final s-process production.
In this paper, the particular changes that have been
made to the assignments of levels in 26Mg are: a 0+ state
at 10.82 MeV has been observed in addition to the 1−
state at 10.805 MeV, and a new state with J > 1 has been
observed at 10.89 MeV. In addition to the reassignment
and the new 10.89-MeV state, the 10.838-MeV Jpi = 2+
state observed in 26Mg(e, e′)26Mg has been included as
it has previously been omitted from calculations of the
rate, but cannot be firmly associated with another state
in 26Mg such as the 10.824-MeV state which has a dif-
ferent Jpi. The 11.29-MeV state has been omitted as it
probably corresponds to one of a number of known states
at around this excitation energy [13] which are included
within the STARLIB calculation already. Due to its non-
observation in direct measurements, the potential new
Ex = 11.55-MeV state is not included in the STARLIB
calculation as it has not been observed in direct measure-
ments of the 22Ne(α, n)25Mg reaction [6].
To quantify the effect of the changes to the resonances
made in this experiment, a Monte Carlo simulation us-
ing the STARLIB tool [25] has been performed. Input
TABLE III. State information for the resonances in 26Mg used
for the Monte-Carlo calculation of the 22Ne(α, γ)26Mg reac-
tion rate.
Ex [MeV] Er,c.m. [keV] J
pi Γα,sp [eV]
10.717(9) 102.2(9) 2+ 1.01× 10−47
10.8057(7) 191.9(7) 1− 6.65× 10−22
10.824(3) 209(3) 0+ 5.34× 10−20
10.838(24) 223(24) 2+ 7.76× 10−20
10.89(1) 275(10) 2+ 1.62× 10−16
275(10) 3− 2.05× 10−17
information for most resonances has been taken as the
STARLIB default with only those resonances listed above
changing. The 10.89-MeV state calculation has been per-
formed twice, assuming Jpi = 2+ and Jpi = 3− respec-
tively in the two cases. The input information is sum-
marised in Table III and the input files themselves are
available in an online repository [26].
The α-particle widths for the new resonances have been
calculated using Γα = 2P`(E)γ
2
α where the reduced width
γ2α is given by [13]:
8γ2α =
h¯2
µa2
θ2α (1)
=
h¯2
2µa
Sαφ
2(a). (2)
The P`(E) factor is the R-matrix penetrability which is
calculated using [27]:
P`(E) =
ka
F`(E)2 +G`(E)2
, (3)
where F`(E) and G`(E) are respectively the regular and
irregular Coulomb functions [28], k is the wavenumber
and a = 1.25(221/3 + 41/3) fm is the channel radius.
For the purposes of quantifying the upper-limits of the
resonance strengths, STARLIB samples the width ac-
cording to a Porter-Thomas distribution [25]. We have,
in this case, assumed that the upper-limit for the width
is that from the R-matrix calculation and that the di-
mensionless reduced widths are distributed according to
a Porter-Thomas distribution with θ2 = 0.01. However,
other authors [13] have assumed a smaller upper limit on
the α-particle width for the 10.806-MeV state than has
been assumed in the present calculation. The upper limit
on this state has been relaxed as the correspondence be-
tween the states observed in 22Ne(6Li,d)26Mg and those
states observed using other reactions is now unclear.
The ratios of the median rate of the current calcula-
tions to the STARLIB reference are shown in Figure 4
and the ratios of the upper limits of the current calcula-
tions to the STARLIB reference are shown in Figure 5.
The new and reassigned resonances mainly contribute to
an increase in the reaction rate at temperatures below
T9 = 0.1, as would be expected due to the low resonance
energies of the reassigned resonances. This may increase
consumption of 22Ne before the 22Ne(α, n)25Mg reaction
can operate.
V. CONCLUSIONS
The 26Mg(α, α′)26Mg reaction was performed using the
K600 magnetic spectrometer at iThemba LABS in South
Africa. Spins and parities are deduced from the differen-
tial cross sections of scattered α particles and show some
disagreement with the values deduced in a similar exper-
imental study at RCNP Osaka [11]. Reassigned states
such as the now-separated 1− state at 10.805 MeV and
the 0+ state at 10.824 MeV, and a state with an un-
known spin-parity at 10.89 MeV which is omitted from
Refs. [13] and [11]. In addition, with the reassignment
of the 10.822-MeV state from Ref. [11], there is evidence
from a study of the 26Mg(e, e′)26Mg reaction that an-
other state at 10.838-MeV with Jpi = 2+ is present but
not included in previous calculations of the reaction rate
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FIG. 4. Ratio of the new to old median rates. For details of
the calculation inputs, see the text. The black curve is the
ratio with a Jpi = 2+ assumption for the 10.89-MeV state
while the red curve is the calculation assuming a Jpi = 3−
assignment.
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FIG. 5. As Figure 4 except for the ratios of the upper limits
of the rates.
[16, 24]. Additionally, Jpi = 1− strength has been ob-
served at Ex = 11.55 MeV; it is unclear if this is a new
state or an artefact of the Ex = 11.5 and Ex = 11.526
MeV states known in this region [6].
A new reaction rate and upper limit have been com-
puted using the STARLIB tool to quantify the difference
to the reaction rate caused by these additional states
which shows that a considerable increase in the total re-
action rate is possible at T9 = 0.04− 0.1.
It is clear from this paper that, despite the high num-
ber of experimental investigations of astrophysically im-
portant states in 26Mg, considerable uncertainty remains
over the properties of the resonances in 26Mg including
most fundamentally the number and excitation energies
of the resonances. Part of this uncertainty arises from
9the highly selective reaction mechanisms used in many
experimental studies of 26Mg which do not populate all
of the states coupled with energy resolutions which can-
not resolve the energy levels. This is potentially a grave
problem if, for example, measurements of α-particle spec-
troscopic factors through 22Ne(6Li,d)26Mg reactions can-
not be firmly connected to particular known states due
to insufficient excitation-energy resolution. More infor-
mation on the number and position of levels in 26Mg is
required, especially below the neutron threshold where
25Mg(n, γ)26Mg reactions cannot easily probe. Of par-
ticular use in separating the states below the neutron
threshold in 26Mg may be coincidence measurements such
as 26Mg(α, αγ)26Mg or 22Ne(6Li,dγ)26Mg.
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